The recent financial crisis has raised numerous questions about the accuracy of value at risk (VaR) as a tool to quantify extreme losses. In this paper we develop data driven VaR approaches that are based on the principle of optimal combination and that provide robust and precise VaR forecasts for periods when they are needed most, such as the recent financial crisis. Within a comprehensive comparative study we provide the latest piece of empirical evidence on the performance of a wide range of standard VaR approaches and highlight the overall outperformance of the newly developed methods.
Introduction
The current worldwide financial crisis has revealed major deficiencies in the existent financial risk measures. For example, based on one day ahead value at risk (VaR) forecasts, which constitutes the focus of interest of the present paper, JPMorgan Chase reported 5, Credit Suisse 7 and UBS 16 exceedances in the 3rd quarter of 2007, which required a maximum of 0.63 exceedances for a probability level of 1% (Jorion, forthcoming) . Considerable progress has been made over the last decade to quantify financial risks by means of elaborate econometric tools. However, experience with the performance of these methodologies in rough times was missing until the subprime crisis started to shake the world financial markets. Most of the risk models are based on a set of assumptions which may be more or less carefully validated most of the time, but may contribute to an increase in systemic risk if the model assumptions fail to be true for other (out of sample) time periods.
In this paper we propose a new methodology of computing VaR's based on the principle of optimal combination that accurately and robustly forecasts losses during periods of high risk. In particular, we propose to compute the optimally combined VaR's by two methods: (1) by assessing the performance of the combined measure over a time window in accordance with the Basel II rules and (2) by assessing the performance of the combined measure sequentially (day by day). The optimal weights of the first method are obtained from minimizing the distance between the population and empirical moments derived from Basel II rules and other VaR evaluation techniques (e.g., independence of hits). The weights of the second method stem from a simple quantile regression on stand alone VaR forecasts. Thus, we aim at developing a new VaR method for forecasting future losses, which profits from the gains of forecast combination (Timmermann, 2005) such as: diversification gains, robustness to structural breaks, robustness to model misspecification risk and correction for bias of individual VaR's, and which consequently remains flexible to various market conditions.
In order to assess the performance of the new developed methods, we consider a comparison type study in the spirit of Kuester et al. (2006) , where we first test the forecast performance of a wide range of standard VaR measures before and during the recent financial crisis and then evaluate the performance of their optimal combinations stemming from the methods developed in this paper. More precisely, the first part of the empirical study provides the most recent piece of empirical evidence on the performance of standard VaR measures during periods when they were needed most, such as the previous financial crisis for stock investments of different capitalization. We show that the performance of standard VaR estimates substantially declined during these turbulent financial times. However, their performance varies substantially depending on the type of stock, choice of volatility model, distributional assumption and estimation window. We further show that, while simple models are preferred during calm periods, a more flexible parametrization is necessary to forecast losses during crisis. Moreover, we show that standard VaR estimates generate too many exceedances if the sampling period is too short and that the inclusion of sample information from previous crises is absolutely necessary during turbulent financial times. In the second part of the empirical study we show that the deficient and unstable performance of the stand alone standard VaR forecasts during financial turmoil can be considerably improved simply by optimally combining them according to the new proposed methods, regardless of the stock type, model or distributional choice.
Thus, the contribution of the paper is twofold: (1) we introduce two simple methodologies to accurately and robustly forecast VaR by optimally combining standard approaches according to relevant statistical and economic requirements and, (2) in order to outline the predictive ability of the new method, we provide the most recent piece of comprehensive empirical evidence on the performance of most popular VaR measures during a turbulent financial time, such as the previous financial crisis.
While the idea of combining quantile forecasts is not new, it still has been exploited very little in the existing literature. To the best of our knowledge, there are only a few papers that make reference to this topic. Timmermann (2005) describes the optimal combination of mean forecasts at lengths and solely mentions the optimal combination of conditional quantile forecasts as a further application of the optimal combination principle. Giacomini and Komunjer (2005) use the same optimal combination as our first approach, but with the aim of deriving encompassing tests for comparing conditional quantile forecasts. Different from their approach, we directly apply the optimal combination procedure to improve the accuracy of individual standard VaR estimates, according to the Basel II rules and to the independence principle. Another paper that considers combinations of VaR forecasts is the paper of Jiménez Martín et al. (2011) that uses simple deterministic combinations of individual VaR forecasts, such as mean or median, to minimize the daily capital charge and violation penalties under the Basel II accord. Although very straightforward, these methods do not improve the input stand alone forecasts if each of them is performing poorly (the violations ratio is larger than the VaR probability) because, by construction, the new ''combined'' forecast will be between the worst and the least worst stand alone forecasts. The relatively good performance of the optimal combination of VaR's introduced in our paper emerges from the fact that we impose no boundaries on the combination weights and allow for an intercept. In regards to our second combination method, to the best of our knowledge, there are so far no previous references in the related literature.
The comprehensive comparative study described in the empirical application contributes to the existing literature in many directions. Most of the existing comparative studies (e.g., Kuester et al., 2006; McAleer and da Veiga, 2008) are applied to data stemming from calm periods or developed markets, popular assets (large cap stock, major indices or currencies) and restrict their analysis to rolling sampling windows. Driven by the suspicion that the VaR could potentially embody a high model risk, we provide here what Summers (1991) calls some ''successful pieces of pragmatic empirical work'' for the latest financial turmoil. Moreover, for the first time in the literature, our study manages to highlight the difference in the performance of standard VaR approaches from calm to crisis periods across stocks of companies with different market capitalization. 1 We also depart from the classic horse races and consider recursive sampling windows with different origins which allow to identify the past shocks that may have important predictive power for the recent turbulence. The parallel study by Schmidt (2011) , which uses our data, but increases the basket of model specification with the CAViaR model of Engle and Manganelli (2004) and asymmetric type GARCH's, provides similar empirical results to ours: e.g., the performance of standard VaR measures drastically declines from a calm to a turbulent financial period and the optimal combinations based on the methods proposed in our paper improve their performance during the turbulent times. The outline of the paper is as follows: Section 2 makes a brief introduction to the VaR measure and presents theoretically the new VaR methods. Section 3 describes the setup and the empirical results of the comprehensive empirical study for 1 The comparison of how different model specifications and sampling schemes influence the standard VaR performance for other types of financial assets, such as currencies, commodities, bonds, etc. is left to further research. evaluating the standard and newly developed VaR measures before and during the financial crisis of 2007. Finally, Section 4 summarizes the paper and provides an outlook on future research.
Method

Theoretical settings
The VaR is defined to be the worst possible loss from an investment over a target horizon and for a given probability level (Crouhy et al., 2001) . The VaR at time t for a long position over time horizon h with probability p, VaR t ðp,hÞ, is formally defined to be given by:
where DV t þ h ðhÞ is the change in the value of a long position V t from t to t þ h and F(x) is the cumulative distribution function (cdf) of DV t þ h ðhÞ. Let DV t þ h ðhÞ be defined as a location scale process conditional on an information set F t :
ð2:1Þ
where m t þ h9t is the expected change in the value V t from t to t þh given the information setup to t, s t þ h|t is the conditional standard deviation in the value V t at time t þ h given the information setup to t. e t þ h is the error term (shock, surprise) and z t has a zero location, unit scale probability density f Z ðÁÞ. Then VaR conditional on the information set F t can be derived to be:
ð2:2Þ
where Q p (Z) is the p th quantile of z t .
According to the Basel II rules, financial institutions are required to hold capital that is sufficient to cover losses on the trading book over a 10 day holding period for 99% of the times (h¼10 and p¼0.01). Furthermore, the rules of Basel Committee (1996) allow the financial institutions to freely choose the model specification for estimating m t þ h9t , s t þ h9t and f Z ðÁÞ as long as the resulting VaR measures have good predictive performance according to some backtesting rules. These rules imply the computation of a hit sequence over S days, defined by:
ð2:3Þ
which follows a binomial distribution with parameter p.
The rules imposed by the Basel Committee (1996) for assessing the performance of the internal models are designed only for holding periods of one day (h¼1) and imply testing the null hypothesis H 0 : E½H t ¼ p, known in the literature as the unconditional coverage test (Christoffersen, 2003) . Therefore, in this paper, we focus on h¼1, leaving the analysis for h 4 1 for further research. Based on the results of the unconditional coverage test and accounting for the Type I error rate, the Basel Committee (1996) comes with further regulations regarding the failure rate acceptance for a bank before being penalized: banks with failure rates in the 95% quantile of the Bernoulli distribution with parameters p ¼0.01 and S¼ 250 are not penalized and are said to be in the ''green zone''; banks with failure rates between the 95% and 99% quantiles lie in the ''yellow zone'' and are progressively penalized; and banks with failure rates outside the 99% quantile are automatically penalized, and are classified as being in the ''red zone''.
Furthermore, Christoffersen (1998) develops an approach which tests the degree of ''clustering'' within the hit sequence as a result of time variation in the data. This approach, known in the literature as the independence test, exploits the martingale property of H t þ h and has as null hypothesis the statement that the probability of incurring a failure in time t þ 1 is independent of incurring a failure in time t. One can assess the ability of a VaR model to provide the correct conditional coverage probability by simultaneously testing the two null hypotheses from the unconditional coverage and independence tests.
Combining VaR forecasts
In the following we propose two methods of obtaining robust conditional VaR forecasts based on an adapting mechanism of optimally combining conditional VaR forecasts computed from a given set of estimates based on different models and/or samples. For expositional reasons, we restrict our attention to the case of combining two VaR predictions. The generalization to a large set of estimates to be combined is, however, straightforward. Ex ante, the superiority of forecast combinations is not compelling because they involve additional parameter estimation.
Consider S samples of two alternative conditional VaR predictions for the periods T þ1, . . . ,T þ S, with 0 oT and 0 o S and let a combined VaR prediction for the out of sample day T þ s, with s ¼1,y, S, be given by the linear combination of the two one period out of sample VaR predictions based on two different models, i.e., model 1 and model 2:
where l T ¼ ðl T,0 ,l T,1 ,l T,2 Þ 0 is the vector of loading factors andV aR
ðpÞ is the one period ahead VaR prediction from model j ¼ f1; 2g with the same probability level p.
For example, let the VaR prediction from model 1 be based on a standard ARMA GARCH approach with normally distributed errors and the VaR prediction from model 2 be based on the pre filtering method using the same conditional mean and conditional variance function; then, the combined VaR prediction simply uses the linear combination of the quantile of the standard normal,F À1 1 ðpÞ, and the estimated quantile from the distribution of the standardized residuals,F À1 2 ðpÞ:
ð2:5Þ
Although Eq. (2.4) has a general structure, we opt in this paper for restricting the loadings of VaR j 's, j ¼ f1; 2g, to sum up to one. In this way, we have a more intuitive and structured interpretation of the results: e.g., a larger absolute loading on the first forecast than on the other, indicates that the first forecast has a larger impact on the optimal combination, while the sign indicates the direction. However, this restriction does not constrain the flexibility of the model: i.e., contrary to Jimé nez Martín et al. (2011), we do not impose any boundary constraints on the weights and, therefore, we allow the combined estimator to take values beyond the values of the stand alone estimators. Thus Eq. (2.4) becomes:
The role of the constant in the optimization is to correct for the biases in the VaR's forecasts, as recommended by Timmermann (2005) . Therefore, we refrain from setting any constraint on this parameter. We choose to combine the VaR estimates from Eq. (2.6) optimally: (1) by assessing the performance of the resulting risk estimator over the evaluation period starting at T þ 1 and ending at T þS or (2) by sequentially assessing the daily performance ofV aR T þ s at each s ¼ 1, . . . ,S.
2 The first method, which we call Conditional Coverage Optimization Method (CCOM), consists in finding the optimal combination of VaR predictions, which maximizes the conditional coverage rate over an evaluation window, while the second method, called Conditional Quantile Optimization Method (CQOM), finds the optimal loadings by minimizing the distance between the population daily quantiles and the VaR's combinations.
Conditional coverage optimization method (CCOM)
The CCOM is optimal in the sense that it chooses the weights of the forecast combination such that the combined forecast implies a sequence of independent hits with moments close to the ones of the hit sequence of the true underlying process and thus satisfies the Basel II criteria. It consists of computing a sequence of S binary exceedance indicators H T þ s ðl T Þ based on the combined estimatorV aR T þ s ðl T Þ for any arbitrary vector of weighting parameters:
Þ minimize the conditional coverage test, which has the following two null hypotheses:
T Þ, which assures the independence of the hits.
The main advantage of this method is that it exclusively aims at fulfilling the Basel II criteria by minimizing the failure rate and optimizing the forecast performance with respect to backtesting rules. In addition, the optimal combination of VaR's aims at eliminating the violation clustering and reduces the probability of having consecutive violations. To the best of our knowledge, the paper of Giacomini and Komunjer (2005) is the only other study that considers this type of optimal combination, however within a different context. They use this framework in order to derive and implement a test for out of sample conditional quantile forecast comparison based on the principle of encompassing. Their empirical results provide favorable evidence for using combinations instead of stand alone forecasts. In contrast to Giacomini and Komunjer (2005) , our aim is to use this type of optimal combination in order to improve the poor performance of stand alone conditional VaR forecasts according to the Basel II rules. In Section 3 we show that this approach outperforms a very wide range of stand alone forecasts regardless of their degree of common predictive ability.
Estimates of the two parameters l n T,0 and l n T,1 can be obtained by the Method of Moment (MM) approach using the following moment restrictions resulting from the martingale property of H t :
We can opt for further moments, such as
¼ 0 which may increase the efficiency of the estimated parameters (see Giacomini and Komunjer, 2005) . Moreover, if we choose to combine more than two conditional VaR forecasts, the number of moments should be strictly larger than the number of VaR forecasts. The MM estimatorl n T is the solution to the following minimization problem:
ð2:7Þ
In the case of further moments, the estimation given in Eq. (2.7) is weighted byV À1 , whereV is a consistent estimator of the asymptotic variance
Although straightforward in principle, the estimation suffers from a set of numerical complications. Since the objective function is non differentiable and not sufficiently smooth, gradient based methods may encounter difficulties in finding the global, rather than the local minimum (Giacomini and Komunjer, 2005) . In such cases, we use the simulated annealing algorithm, which is more robust to the choice of the objective function and reaches the global minimum, regardless of the degree of smoothness of the objective function (Goffe et al., 1994) . Furthermore, we increase the degree of smoothness of the function to be minimized in Eq. (2.7), by replacing
The heteroscedasticity and autocorrelation robust estimator of Newey and West (1987) for the asymptotic variance covariance matrix V should be applied.
Conditional quantile optimization method (CQOM)
The second method we propose for optimally combining VaR's estimators is based on the quantile regression approach (Koenker and Basset, 1978) and models the conditional p quantile as a linear function ofV aR j T þ s , with j ¼ f1; 2g:
Þ is also of dimension 3 Â 1. In our framework, the vector of optimal weights l T is given by the solution to the following minimization problem:
The main advantage of the quantile regression approach is that it requires no explicit distributional assumptions for the return series. This method allows for a flexible framework of combining VaR forecasts such that the distance between the population quantiles and the VaR combination is minimized. Although very straightforward to implement, there is no previous reference to this type of combination method to be found in the related literature. In contrast to the CCOM method, the construction of the CQOM does not directly aim at fulfilling some Basel II or independence criteria. Therefore, its predictive ability with respect to these rules is ultimately an empirical question. The empirical results from applying this method are reported in Section 3.
Empirical results
In this section we present results from evaluating stand alone VaR forecasts (Section 3.2) and optimal combinations (Section 3.3) following the theoretical settings presented in Section 2. The VaR evaluation is done by means of backtesting before and during the financial crisis from 2007.
Setup of the comparative study
This comparative study is designed to assess the quality of standard and new VaR estimates at different dimensions: asset choice, model choice, distributional assumption and estimation window, before and during the recent financial crisis. Given that the evaluation period implies a series of negative extreme events, we find it proper to focus on assessing the performance of the VaR estimates at p¼0.01, which is in line with the Basel II requirements. Regarding the asset choice, we consider three equally weighted indices built on 30 randomly chosen stocks from the Dow Jones U.S. Small, Middle and respectively Large cap indices.
For our evaluation purposes, we divide the out of sample period in three subperiods around the beginning of the sub prime crisis: (1) the period before the crisis starting on January 1st up to July 17th, 2007. July 17th, 2007 represents in our study the beginning of the current financial crisis: on this day the FED signaled the first trouble on the subprime loan markets and announced their support and supervision to the subprime mortgage lenders. We consider the first evaluation period to be a calm one, representative for the years prior to the financial crisis; (2) the crisis period starting on July 18th, 2007 up to July 1st, 2009; and (3) the crash period, which starts on September 1st, 2008, which marks the first day on the month in which the crisis hits the financial markets following the bankruptcy of Lehman Brothers on September 15th, 2008. Starting on this day, major stock markets all over the world experienced the largest decline since the Black Monday crash on October 19th, 1987. The crash period ends on July 1st, 2009. By dividing the whole evaluation period into these three subperiods, we intend to check the robustness of VaR estimates across different financial settings and outline which methods perform ''best'' during calm periods as opposed to turbulent ones.
Regarding the model choice, we focus mainly on fully parametric location scale models for m t þ 19t and s t þ 19t , which account for the empirical properties of financial returns: volatility clustering, serial dependence, fat tailed distributions, etc. and parametric distributional assumptions, such as normal (ND), Student t (SD) and skewed Student t (skewed SD) distribution or semi parametric approaches, such as, extreme value theory (EVT) for the standardized residuals. We consider the following model specifications: for the conditional mean we estimate an ARMA(1,0) model with intercept and for the conditional variance we estimate the GARCH(1,1) model, the RiskMetrics model introduced by JP Morgan in 1995 with estimated (RM est) and fixed (RM fix) parameters and the FIGARCH (1,d,0) of Baillie et al., 1996 . Within a parallel study to ours, Schmidt (2011) also estimates using the same data set a GARCH type model that accounts for the leverage effects, such as EGARCH(1,1). His empirical results show that the VaR forecasts computed on EGARCH(1,1) and GARCH(1,1) conditional variance forecasts have a similar performance during the evaluation periods considered. As already mentioned, in order to compute the quantile, we consider the normal, Student t and skewed Student t distributions for the standardized residuals stemming from the above mentioned conditional models. 4 Finally, we also consider the EVT for the standardized residuals stemming from the ARMA(1,0) GARCH(1,1) specification. Furthermore, given the nature of the VaR measure, we also consider VaR forecasts stemming from quantile regressions. More specifically, we consider the approach introduced by Coroneo and Veredas (2011) (QR), who compute VaR forecasts from quantile regressions on the absolute values of the previous day return. The parallel study by Schmidt (2011) opts for the CAViaR model of Engle and Manganelli (2004) . His empirical results indicate a good performance of the approach during the calm financial period, but a relatively poor performance during the crisis. As described below, this type of behavior is similar for almost all standard approaches considered in our paper.
Subject to the model choice, we aim at assessing the model risk component in estimating financial risks based on standard approaches. By choosing different degrees of parametrization and tail distributional assumptions, we aim at outlining the approaches, which are most appropriate for forecasting the risk of a certain type of stock in calm versus turbulent periods. This analysis will allow us to identify the trade off between the estimation risk and model misspecification risk involved in estimating VaR: while the RM fix approach involves no estimation risk, its simple and fixed structure might face difficulties in correctly capturing the dynamics of conditional volatilities (e.g., long memory) and remains inflexible to recent informational content, which could be relevant for forecasting future risks. Contrary to the RM fix approach, the ARMA FIGARCH model easily adapts to the new information arrivals, but might significantly suffer from estimation risk, given that the precision of the degrees of fractional integration estimator increases with the window size of the underlying data.
As an alternative to the fully parametric models described above, we consider one nonparametric approach of estimating VaR, namely the Historical Simulation (HS), which is very popular among practitioners and consists in estimating VaR simply by the sample quantile of a rolling window of historical data. In the HS estimation, the size of the sampling window plays an important role for the accuracy of VaR estimates and is mostly set to be between 250 and 750 observations (Jorion, 2007) . Although very easy to implement, this approach ignores the conditional dependencies among returns as well as the relevant information on extreme past events that situate outside the sampling window. Subject to these drawbacks, we also implement the filtered HS method (FHS) proposed by Barone Adesi et al. (1999) , which applies the HS approach on residuals standardized by the parametric ARMA GARCH method. Furthermore, we implement the HS method on rolling windows of 250, 500, 750 and 1000 historical observations, but also on recursive windows starting in 1987, 1996, 2001 and 2005, respectively . The FHS estimation is applied only on recursive windows.
Another important dimension we focus on in our study is the size of the estimation window. Contrary to other studies, which apply a rolling window in the forecasting procedure, we use the recursive sampling window approach, which is able to preserve the valuable information issued by past extreme shocks, regardless of how far we move forward with the forecasting window. Through this strategy, we aim at identifying the extreme events from the past, which contain valuable information in order to better forecast extreme losses in the recent financial crisis. For this purpose, we consider four strategies of choosing the starting date of the recursive windows: January 1st, 1987, for which all in sample data include the Black Monday effect from October 19th, 1987; January 1st, 1996 , for which the in sample windows include the dot com bubble crash from March until October, 2000 and the terrorist events from September 11th, 2001; January 1st, 2001, which includes just the September 11th, 2001 event; and January 1st, 2005, for which the in sample windows contain no exceptional extreme event and represent the standard estimation windows (last two years of data) used in practice before the beginning of the recent financial crisis.
The dimensions of the model implementation described so far lead to a total of 192 forecasts given by three indexes (small , middle , large cap), two parametric model specifications (RM est, ARMA FIGARCH) with three distributional assumptions (normal, Student t and skewed Student t), the RM fix model with normal and Student t distribution, the ARMA GARCH model with four distributional assumptions (normal, Student t, skewed Student t and EVT), the quantile regression approach of Coroneo and Veredas (2011) , four strategies of choosing the origin of the recursive windows (starting in 1987, 1996, 2001 and 2005, respectively) and two nonparametric models based on rolling (HS) and recursive (HS, FHS) sampling windows of sizes 250, 500, 750 and 1000 and, respectively, starting at 1987, 1996, 2001 and 2005 . Furthermore, we apply the unconditional and conditional coverage tests described in Section 2 to evaluate the VaR estimates on horizons of one day.
Empirical results from evaluating stand alone VaR forecasts
In this subsection we present the results from evaluating the performance of the stand alone VaR estimators described in Section 3.1. The percentage rate of violations as well as the results related to unconditional and conditional coverage tests for the periods considered are reported in Tables A1 A3 in Appendix B. Table A1 reports the VaR failure rates prior to the recent sub prime crisis, from January 1st up to July 17th, 2007. All in all, the standard VaR approaches perform well during this calm period. While the normal distribution produces most of the ''yellow zone'' type violations, applying a fat tailed distribution to financial returns such as Student t or skewed Student t improves the overall unconditional performance of VaR. In support of the results from previous horse races (e.g., Kuester et al., 2006) , our study provides evidence on the frailty of the RiskMetrics estimated on normal distributed losses. However, its performance significantly improves when applied together with fat tailed distributions. Nevertheless, during this calm period, simple approaches, such as the quantile regression approach of Coroneo and Veredas (2011) generally suffices to capture the data dynamics and produces independent sequences of violations.
Contrary to the calm period, standard VAR estimators generally perform poorly during the recent financial crisis (Table  A2) . Estimators using the normality assumption exhibit the worst performance and yield only time dependent ''red zone'' type violations. The poor performance of the normal distribution is explained by its inadequacy in consistently estimating the tail behavior of returns facing numerous extreme negative shocks during periods of crisis and crashes (e.g., September 2008). A slightly better performance than the normal distribution exhibits the Student t distribution, which, in the absence of estimation noise (fixed degrees of freedom), delivers a smaller, but still disputable number of violations in the ''yellow zone'' for small and large cap stocks. However, the skewed Student t distribution proves to perform very well during the crisis period across all types of conditional variance models. This result is in line with the findings of Kuester et al. (2006) and Giot and Laurent (2004) and is due to the fact that this type of distribution accommodates both tail thickness and asymmetry, which are typical features of the financial return distributions.
During the crisis period, the EVT estimated on historical samples which incorporate information from previous crisis, also has a very good performance and results in all failure rates being independent and in the ''green zone''. Although not new (e.g., Kuester et al., 2006) , these results highlight the fact that by implementing EVT or skewed Student t distribution on large and informative historical samples, one can increase the predictive ability of standard VaR measures for stock investments during turbulent financial times.
Further evidence that the sampling window plays an important role in correctly forecasting losses during crisis times is provided by the QR approach, that gives yellow and even green type violations for small and middle cap stocks, respectively, when estimated on samples incorporating the financial crisis from 1987.
Aside from the estimation window, the degree of parametrization plays a further important role: the ARMA FIGARCH approach in the presence of fat tailed distributions outperforms (for the Student t) or performs comparatively well (for the skewed Student t) as the other models for all types of stocks. Table A3 reports the backtest results for the third period, which we call ''crash period''. Although in general better, the results from the crash period emphasize the findings from the crisis time: regardless of the asset type, higher parametrization increases the performance of most of the VaR estimates, including the ones built on the normal distribution.
The Student t distribution plays an important role in enhancing the performance of VaR measures, especially of the ones which involve little estimation noise, such as the fixed parameter RiskMetrics approach. However, similar to the crisis period, this popular method manages to correctly forecast the losses only for small and large cap stocks. Nevertheless, the skewed Student t distribution in general and the EVT approach estimated on large historical samples clearly outperform all other methods by generating ''green zone'' independent violations for all types of stocks.
By comparing the results of Tables A2 and A3 , we notice that during the crash time there are more VaR estimates, which perform well according to the Basel II rules compared to the overall crisis period. Contrary to the estimates from the beginning of the crisis, whose performance could only be enhanced by accounting for very old shocks (e.g., Black Monday), the sampling windows used to estimate the risk models during the crash period already incorporate sufficient relevant information on extreme events from the crisis period. This result confirms the fact that including information from previous crisis enhances the performance of VaR estimates, especially of the ones based on distribution assumptions, which properly exploit this type of information, such as (skewed) Student t or EVT.
Tables A4 A6 in the Appendix report the results from backtesting nonparametric VaR estimates during the three periods. In the calm period, the HS method always generates independent ''green zone'' type violations, regardless of the sampling strategy. This result justifies, once again, the popularity of this method among practitioners. Prior filtering of data brings no additional gains (last column of Table A4 ) to the VaR estimates. However, the standard HS methods fail entirely to forecast future losses and to capture their characteristic time dependence during turbulent periods. In this context, their performance is substantially improved by the ARMA GARCH filtration especially during the crash time, when regardless of the asset type, the FHS method applied on short windows generate ''green zone'' independent hits. This confirms once again the good performance of highly parameterized models during turbulent periods. However, the nonparametric methods built on short window samples have, by construction, a good performance during the crash time. Because they are sample quantiles of historical windows, the nonparametric VaR estimates are better when estimated on shorter windows, which incorporate mainly information from the past year of crisis, than on longer horizons, which contain also information from the calm period prior to the crisis.
Aside from the contribution to the performance of EVT and Student t distribution during the crisis, further evidence on the importance of using large samples when estimating the tail of return distribution is given by the results from estimating the degrees of freedom (d.f.) of the Student t distribution throughout the whole evaluation period. Based on our empirical results, 5 the d.f. estimated on samples from 1987 or 1996 exhibit a stable behavior prior to and during the crisis.
Their values vary around six, which is typical for a fat tailed distribution. Estimated on recent data, the d.f.'s seem to be very volatile and, thus, more flexible to the market conditions. The trade off between using large samples to estimate stable parameters and using recent samples to estimate parameters which easily adapt to the market conditions translates into the following: financial institutions using stable d.f. specific to fat tailed distributions for stock investments follow strategies of holding constant and large reserves over a long period. By contrast, others using distributions with d.f. estimated on recent samples follow strategies of continuously adapting their reserve requirements according to the market settings mirrored in the estimated parameters. However, in the latter case, the risk is that if everybody follows the same strategy on the days when the VaR measures signal the need for larger reserves, the banks face huge liquidity problems.
Although this might seem to be the case of what happened during the recent financial crisis, we have to point out that our analysis and conclusions are confined to stock portfolio investments. Obviously, one severe problem during the crisis of 2007 was the lack of empirical experience with portfolios consisting of new financial products, for which, by definition, the number of observations is limited. Although a systemic analysis similar to the one presented above for such portfolios or portfolios of other financial assets, such as currencies, commodities, bonds is considered as very interesting and necessary, it is nevertheless beyond the aim of this paper and is left for future research.
Empirical results from evaluating optimal combinations of VaR forecasts
In the following we present the empirical performance on correctly estimating the failure probability of 1% for the combination methods described in Section 2. In particular, we focus on analyzing the relative performance of the combination approach compared to the stand alone forecasts presented above. Moreover, in order to emphasize the performance of the new methods, we concentrate on reporting results from combining mainly stand alone forecasts that deliver a poor prediction performance following the description from Section 3.2.
We make the assessment at two different stages:
(1) Firstly, we estimate one pair of optimal weights for each of the three evaluation periods and assess the performance of the ex post optimal VaR combination by means of the coverage tests described in Section 2. This assessment is similar to an in sample evaluation of the fitted models with S ¼510 for the crisis period from July 18th, 2007 until July 1st, 2009 and with S ¼217 for the crash evaluation period from September 1st, 2008 until July 1st, 2009. (2) Secondly, we evaluate the optimal combination of VaR's in a recursive manner: we divide the entire evaluation period of S¼653 observations (from January 1st, 2007 to July 1st, 2009) into an in sample and an out of sample period and re estimate the optimal weights at each out of sample point with all in sample available data. At the end of the out of sample period, we assess the quality of the optimal forecasts by means of coverage tests. The first in sample period contains the first T þ S 0 observations, the second in sample period contains the first T þS 0 þ 1 and the last one contains T þS 1 observations, where 1 oS 0 oS.
Through these two evaluation exercises we aim at assessing the ability of optimal combinations to improve the performance within sample (first assessment), but also out of sample (second assessment) of stand alone VaR estimates. For both stages, we report results from the crisis and crash period, given that during the calm period almost all models, with very few exceptions, perform well according to standard criteria (see Table A1 ). Moreover, we only present results here from combining parametric VaR estimates, while the assessment of optimal combinations based on individual nonparametric measures is left for further research. Based on the choice of the combined VaR predictors, we sort the results in five groups and report them in Tables 1 and 2 for each of the optimization method. The first group of results (Part A of both Tables 1 and 2 ) presents the performance of optimally combining VaR estimates based on different distributional assumptions, given a certain pre filtering method. It illustrates the forecasting 5 The results from estimating the models implemented in this paper are available from the authors upon request.
power of a linear quantile combination for the same conditional mean and conditional variance specification (see e.g., Eq. (2.5)). More specifically, we combine VaR predictors based on the normal and Student t distribution, and we report the results for different pre filtering methods: from ARMA GARCH estimated on the sample starting in 1987 to ARMA FIGARCH estimated on the sample starting in 2005. The results from both tables show that, independent of the pre filtering and combination method, optimal combinations of normal and Student t distribution quantiles significantly reduce the failure rates and their time dependencies with very small differences between the two methods. While the CQOM method (Table 2) reveals a few exceptions, especially when combining VaR estimates based on recent data. However, both methods deliver a clear improvement in the performance of the combination components (see Tables A2 and A3) . Similar good results are obtained when combining two VaR estimates with different conditional mean and conditional variance estimators: Part B and C of both Tables 1 and 2 report the results from optimally combining VaR predictors based on the fixed parameter RiskMetrics approach, which is widely used in practice, parsimonious and exhibits no estimation noise and two other approaches, which are more flexible to the volatility properties, but involve large estimation risk: ARMA GARCH (Part B) and ARMA FIGARCH (Part C). For example, Table A2 reports the failure rate of the estimators built on ARMA GARCH and RM fix given the normal distribution that ranges between 2.15 to 4.51. However, after combining the two approaches, the failure rate drastically decreases and ranges from 0.98 to 1.56 (see the first four rows and first six columns of Part B of Tables 1 and 2) . Again, combining VaR estimates based on recent data seems to be inadequate in forecasting future losses. However, combining estimates based on recent and older data (Part D), increases the performance of individual estimates in all cases when applying the CQOM method (Table 2 ) and, with a few exceptions, when applying the CCOM method (Table 1) . Aside from improving the performance of the input stand alone forecasts, the optimal combination also performs equally well or better than the estimators not included in the combination. Thus, for example, combining estimates with different sampling windows improves the performance of the normal distribution during the crash period (see the first four rows and first four columns of Part D of Tables 1 and 2 ) by delivering failure rates smaller than 1.4 and generally outperforms or performs equally well compared to the skewed Student t distribution or EVT (see Table A3 ) with the largest failure rate of about 3.22. So far, we can conclude that although both combination methods perform well in sample, the CQOM approach yields the best results. However, of higher interest is assessing the ability of these methods to provide combinations of VaR which perform well during out of sample periods, especially during the recent financial crisis. Table 3 reports the backtest results from the second stage assessment. Since our focus is on forecasting the risks during the crisis and crash period, we choose July 17th, 2008 to be the end date of the first in sample period, which marks one year since the beginning of the financial crisis ðS 0 ¼ 250Þ. Thus, all in sample data entail at least one year of crisis and the out of sample period comprises the crash phase. The results given in Table 3 support the previous results and show that combining VaR estimates performs well, not just within the sample, but also out of sample. Compared to the stand alone estimates, the combinations deliver very good results, which remain robust with respect to the choice of asset, model and evaluation period. In most of the cases, they produce independent failure rates, which are located in the ''green zone'', according to the Basel II regulations.
Finally, the results from the tables above reveal an overall stability of the backtesting performance of the combination methods according to the Basel II and independence criteria. Further evidence on the robustness of the new methods with respect to the asset choice or model specification provides the sequence of combination weight estimates for the out of sample evaluation period. For illustration purposes, we plot the sequence of estimated optimal weights from combining normal and Student t distribution with ARMA GARCH pre filtration, subject to different sample windows.
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Except for a short inherently volatile phase, beginning around the events from September 15th, 2008 (45th observation) and lasting until December 1st, 2008, all sequences of estimates stemming from CQOM (see Figs. B1 and B2) exhibit stable behavior during the whole crisis period, which emphasizes the robustness of the new method. The CCOM weights exhibit a more volatile behavior (see Figs. B3 and B4) , which indicates that estimators stemming from unconditional type methods are less robust to market changes than the ones stemming from a conditional computation, such as CQOM.
Conclusions
In this paper we propose data driven methodologies of accurately forecasting VaR based on the principle of forecast combination. The optimal loadings of VaR measures are driven by the maximization of conditional coverage rates or by the minimization of the distance between the population quantiles and VaR's combinations. Allowing for data driven combination weights that are optimally estimated with respect to statistic or economic requirements, the new methods feature an increased degree of flexibility in adapting to various market conditions and simultaneously delivering accurate VaR forecasts.
The empirical performance of the new methods is depicted within a comprehensive comparative study that includes a large range of standard VaR approaches evaluated before and during the recent financial crisis on stock investments. We show that popular VaR methods perform very differently from calm to crisis periods, subject to stock type, model or estimation window. While in calm periods VaR estimates based on normal distributional assumptions and parsimonious models estimated on recent windows of data are appropriate to forecast the potential losses, this is not the case for turbulent times. In these cases, fat tailed distributions estimated on larger samples perform well for all types of stocks. Finally, large sampling windows, incorporating valuable information on past shocks (e.g., market crash from 1987) and properly exploited by suitable distributional assumptions (Student t with estimated degrees of freedom, skewed Student t and EVT), deliver better quantile estimates and, thus, better VaR forecasts.
Contrary to standard simple methods, the combination forecasts exhibit a stable in sample and out of sample performance across the types of asset or evaluation period. Overall, they outperform the stand alone estimates by generating independent exceedances within the limits imposed by Basel II rules. The relatively excellent performance of the new VaR forecast methodologies benefit from the general advantages of forecast combinations, such as robustness to structural breaks and misspecification risk and from its flexibility with respect to market conditions and type of assets.
Future research should aim at assessing and developing robust risk measures in real time settings, which are essential in the field of risk management, where investors face the continuous challenge of making spontaneous decisions. The new risk measures should be able to instantaneously incorporate all relevant new information related to the underlying asset, market conditions, or other economical and financial variables, which affect the market price risk, such as, shortages in market liquidity.
Appendix A
See Tables A1 A6. 
